To improve the nitrogen use efficiency (NUE) of crops to increase yields, one approach is to develop crops with improved NUE. Qua Quine Starch (QQS), a species-specific orphan gene present only in Arabidopsis thaliana, has a novel, unexpected functionality. Approximately 0.5-8% of genes in a given species are uniquely present in that species, having no homologs in other species. They represent a significant fraction of eukaryotic and prokaryotic genomes, and are thought to be a determinant of the character of a species. However, little is known about the functional significance of these so-called species-specific or orphan genes. QQS can affect the extremely important trait of protein content when expressed in other species, in soybean, maize and rice. Understanding QQS functions has multiple impacts, revealing how plants partition precious carbon and nitrogen resources. Here, we report QQS interactor nuclear factor Y subunit C4 (NF-YC4), affects carbon and nitrogen allocation to protein in soybean and maize. QQS and its related network may be used as a tool to increase the protein content in crops, and to study the 2 nitrogen allocation network. RNA-Sequencing analyses of the QQS mutant materials have identified candidate genes involved in regulation of nitrogen allocation.
8% of genes in a given species are uniquely present in that species, having no homologs in other 23 species. They represent a significant fraction of eukaryotic and prokaryotic genomes, and are 24 thought to be a determinant of the character of a species. However, little is known about the 25 functional significance of these so-called species-specific or orphan genes. QQS can affect the 26 extremely important trait of protein content when expressed in other species, in soybean, maize 27 and rice. Understanding QQS functions has multiple impacts, revealing how plants partition 28 precious carbon and nitrogen resources. Here, we report QQS interactor nuclear factor Y subunit 29 C4 (NF-YC4), affects carbon and nitrogen allocation to protein in soybean and maize. QQS and 30 its related network may be used as a tool to increase the protein content in crops, and to study the 31 Introduction 35 36 In decades, nitrogen fertilizers have been massively used to increase crop yields, but they 37 negatively impact the environment in agriculture. New solutions are needed to improve the 38 nitrogen use efficiency (NUE) of crops to increase yields and decrease the negative impacts on 39 environment (Han et al. 2015; Good et al. 2004; Lightfoot 2013) . NUE is defined as the 40 efficiency of uptake and utilization of the biologically reactive nitrogen from the growth 41 environment. Different approaches are proposed, such as development of crops with improved 42 NUE (Han et al. 2015; Hirel et al. 2007; Masclaux-Daubresse et al. 2010; McAllister et al. 2012; 43 Beatty et al. 2009; Shrawat et al. 2008) , the analysis of factors that interact with NUE (Han et al. The plant metabolic network regulates the allocation of carbon and nitrogen into different 53 components such as protein, oil, carbohydrate and determines plant composition (Eastmond 54 2006; Eastmond et al. 1997; Schiltz et al. 2004; Sulpice et al. 2014; Li et al. 2009; Melis 2013; 55 Johnson and Alric 2013; Weselake et al. 2009; Ishihara et al. 2015) . The regulatory mechanisms 56 that interconnect the various fluxes across the metabolic network are being identified using a 57 variety of approaches (Fernandez and Strand 2008; Liscombe and Facchini 2008; Mentzen and 58 Wurtele 2008; Reiter 2008; Santos-Mendoza et al. 2008; Sweetlove et al. 2008; Usadel et al. 59 2008; Stitt 2013; Stitt et al. 2010; Thum et al. 2008) . For example, one breakthrough was the 60 finding that hexoses and other metabolites provide a mechanism to control carbohydrate 61 3 allocation in part via modulation of transcriptional and post-transcriptional mechanisms (Koch 62 1996; Jang and Sheen 1994; Che et al. 2003; Baena-Gonzalez et al. 2007; Vidal and Gutierrez 63 2008) . The Arabidopsis specific orphan gene Qua Quine Starch (QQS), one of the ~5% of 64 expressed protein-coding genes in Arabidopsis thaliana that are unique that single species 65 (Arendsee et al. 2014) has been implicated in regulation of starch and protein metabolism (Li et 66 al. 2009; Li and Wurtele 2015) . 67 Carbon and nitrogen use are regulated at multiple levels (Xu et al. 2012) . Global systems 68 analysis is leading to genes and processes that play a role in conversion of carbon and nitrogen to 69 protein, lipid and starch (Fukushima et al. 2014; Stitt 2013; Stitt et al. 2010; Thum et al. 2008) . 70 For example, the metabolites trehalose 6-phosphate, sugar, and the amino acid precursor, 71 shikimate, have been implicated in the process (Sulpice et al. 2014; Lastdrager et al. 2014 during the day, as the supply of chemical energy and anabolic source molecules originating from 78 sucrose during the night, and as a potential storage of easily accessible energy at times of stress. 79 The process is not fully understood, although most of the metabolic enzymes have been 80 identified. Starch synthetic enzymes often are in families, with different members of each of 81 these families often having unique biochemical functions (e.g., (Kaplan and Guy 2004; Lao et al. 82 1999; Scheidig et al. 2002; Edner et al. 2007; Fulton et al. 2008; Laby et al. 2001; Chia et al. 83 2004; Critchley et al. 2001; Sparla et al. 2006; Lu and Sharkey 2004; Lu et al. 2006; Steichen et 84 al. 2008; Zeeman et al. 2004) ). Starch degradation and hexose/triose export involves a large 85 number of enzymes, including families of DBEs, α-amylases, β-amylases, disproportionating 86 enzymes, phosphorylase, glucan water dikinases, and glucose and maltose transporters (Doyle et 87 al. 2007; Delatte et al. 2005; Delatte et al. 2006; Lloyd et al. 2005; Smith et al. 2003; Wattebled 88 et al. 2005; Wattebled et al. 2008; Yu et al. 2005; Zeeman et al. 2004; Streb et al. 2008; 89 Kammerer et al. 1998; Niewiadomski et al. 2005; Walters et al. 2004; Weber et al. 2000; Weber 90 et al. 2004; Niittyla et al. 2004; Schneider et al. 2002) . 91 Owing to the central function of starch, starch production and degradation are highly likely to 92 respond to environmental, circadian rhythm, metabolic, and/or hormonal signals (Li et al. 2009; 93 Li et al. 2007; Lu et al. 2005; Usadel et al. 2008; Weise et al. 2006 To identify genes that impact plant composition, our initial strategy leveraged the model species 104 Arabidopsis thaliana. Based on the postulate that essential molecular genetic mechanisms for 105 carbon and nitrogen allocation are conserved across species, and that the activity of these 106 mechanisms can be modulated by as yet unidentified genes (Li et al. 2009; Arendsee et al. 2014 ), 107 we selected Arabidopsis single-gene mutants that appeared morphologically like the wild type 108 (WT) control, but differed in composition, and then determined those transcripts whose 109 expression was impacted in the mutants. We anticipated identifying a combination of metabolic 110 and regulatory genes by this approach. The Starch Synthase III ss3 knockout (KO) mutant of 111 Arabidopsis is high in starch, but has a normal morphological phenotype (Zhang et al. 2008; 112 Zhang et al. 2005) . We identified QQS as a gene whose expression is significantly altered in 113 Atss3 mutants relative to WT plants (Li et al. 2009 ).
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QQS encodes a protein of only 59 amino acids whose homolog is not identifiable by primary Maize leaves were harvested individually (from individual plant were stored in one envelope) 315 and frozen in liquid nitrogen and kept in -80 freezer, at 63 days after planting, in late afternoon. 316 The entire third leaf from the top was harvested. control plants (Fig. 1a) . The GmNF-YC4 mRNA expression in two independent GmNF-YC4-1-
357
OE lines was an average of 4.47-fold higher than that in the Williams 82 control plants (P < 358 0.001 for both) (Fig. 1b) . The seed protein content increased by 8-11% in the GmNF-YC4-1-OE 359 lines (P < 0.001 for both), while oil decreased by 2-6% (P = 0.002 and < 0.001) and fiber 360 decreased by 3-6% (P < 0.001 for both), and no significant difference in yield per plant was 361 observed (Fig. 1c) . These data are consistent with our previous studies, and support the idea that 362 AtQQS can also interact with the GmNF-YC4-1 to promote an increase in the soybean protein by Lowry Test (Fig. 2a ) and by Kjeldahl (Fig. 2b) (P < 0.05). The seed protein content increased 375 by 15-23% in the ZmNF-YC4-OE lines (P < 0.001 for both), while starch decreased by 3% (P < 376 0.01 for both), and no significant difference in oil was observed (Fig. 2c) . These data are also 377 consistent with our previous studies, and support that AtQQS may interact with the ZmNF-YC4 378 to promote an increase in the maize protein content.
380
Identify the potential soybean transcripts associated with the high-protein trait 381 382
We have a set of Arabidopsis and soybean plants with different combination of protein content 383 and QQS expression level. As discovered in our previous study, QQS overexpression is 384 associated with increased protein content in Arabidopsis leaf, soybean leaf and soybean seeds. 385 This set of materials, together with corresponding controls, and a low-seed-protein soybean 386 variety PI 070456 (https://npgsweb.ars-grin.gov/gringlobal/accessiondetail.aspx?id=1115548), 387 could be used to identify the potential soybean transcripts associated with the high-protein trait 388 by RNA-Sequencing (RNA-Seq). 389 Genes with an average of at least 1.5 uniquely mapped reads across samples were tested for 390 differential expression using the negative binomial QLShrink method described by Lund et al. differences between genotypes, q-values no larger than 0.01 were considered as evidence of 399 significant differential expression. 400 There are 1445 transcripts differentially expressed in Arabidopsis QQS-OE leaf (P<0.01), 401 and 2249 transcripts differentially expressed in soybean QQS-E leaf (q<0.01). The transcripts 402 that are significantly altered in both Arabidopsis QQS-OE leaf and soybean QQS-E leaf are 403 potentially candidate genes that are involved in regulation of protein accumulation. 404 Fifteen transcripts may be positively associated with high protein in leaf (Table 2) Sixty-one transcripts may be negatively associated with high protein in leaf (Table 3) . They 415 are expressed higher in WT soybean leaf and WT Arabidopsis leaf, but lower in Arabidopsis 416 QQS-OE leaf and soybean QQS-E leaf. As indicated as colored font to the locus IDs, there are 417 twelve groups of multiple soybean genes matched to the same Arabidopsis ortholog gene by 418 sequence similarity. Specifically, ten soybean genes are matched to the same Arabidopsis 419 ortholog gene AT5G36930 (Fig. 3b ), which is annotated as "Disease resistance protein (TIR-420 NBS-LRR class) family", involved in "defense response", and located in "cytoplasm". Table 2 Transcripts that may be positively associated with high protein content in leaf. 
